1. Introduction {#sec1}
===============

Bullous skin diseases are a group of common life-threatening dermatoses. The main clinical features are blisters and bullae in the skin and mucous membranes, evolving into erosion in the skin or mucosal surface after rupture. This leads to increased risk of water loss, electrolyte imbalance and infections. Based on the pathogenesis, bullous skin diseases can be divided into autoimmune and non-autoimmune bullous skin diseases. In autoimmune bullous diseases, pathogenic autoantibodies can be detected in both the circulation and skin lesions, while genetic factors play a more significant role in the pathogenesis of non-immune bullous skin diseases. Both these conditions can be further classified into intraepidermal and subepidermal bullous skin diseases, based on the skin layer that is affected ([Table 1](#tbl1){ref-type="table"}). Clinically, the most common two types of bullous skin disease are pemphigus and bullous pemphigoid.Table 1Classification of bullous dermatoses.Table 1Autoimmune bullous dermatosesNon-autoimmune bullous dermatosesIntraepidermal bullous dermatosesPemphigusEpidermolysis bullosa simplexFamilial benign chronic pemphigus (Hailey-Hailey disease)Subepidermal bullous dermatosesBullous pemphigoidEpidermolysis bullosa of the borderCicatricial pemphigoidEpidermolysis bullosa dystrophicaDermatitis herpetiformisLinear IgA bullous dermatosisEpidermolysis bullosa acquisitaPemphigoid gestationis

Glucocorticoids and/or immunosuppressive agents are currently the main treatments for autoimmune bullous skin diseases. Due to the long course and recurrent episodes of diseases, the long-term use of glucocorticoids and immunosuppressive agents can lead to frequent and significant adverse reactions, such as osteoporosis, osteonecrosis, hypertension, diabetes, eye problems, gastrointestinal haemorrhage, and myelosuppression. The goals of current research in this field focuses on a better understanding of the pathogenesis of pemphigus and bullous pemphigoid in order to develop safer and more efficient therapeutics for the diseases.

2. Pemphigus {#sec2}
============

2.1. Clinical manifestations and histology {#sec2.1}
------------------------------------------

Pemphigus, derived from the Greek *pemphix,* which means blister or bullae, is a group of chronic, recurrent, and potentially lethal autoimmune bullous dermatoses caused by loss of intercellular adhesions in the epidermis. This disease is more common in people aged 50--60 \[[@bib1],[@bib2]\]. The incidence of pemphigus varies substantially by race and region, from 0.5 cases per year per million people reported in Germany to 8 cases per year per million people reported in Greece \[[@bib3],[@bib4]\]. Pemphigus vulgaris (PV) is the most common clinical subtype of pemphigus. Other forms of the disease include pemphigus foliaceus (PF) and erythematous pemphigus. Oral mucosal involvement occurs in almost all PV patients and usually before the appearance of skin lesions. It may be the only presenting sign in the early stages of pemphigus. The buccal and palate mucosa are the most commonly affected sites, followed by the lips, bottom of the mouth, and less invasively, the gums. The lesions present as irregular erosions or ulcerations and gradually spread to the surrounding area. The erosive surface is friable and prone to bleeding and difficult to heal. The patients usually feel burning when eating, chewing and swallowing.

Typical skin lesions are loose blisters or bullae over normal-appearing skin or erythema, followed by erosion. Nikolsky's sign is positive. Lesions of patients with PF often occur in the skin of the head and face, as well as chest and back, while oral mucosa is rarely involved. The blisters of PF patients are erythematous and easier to rupture than in PV when the blisters are still small, which leads to a smaller erosive surface. Lesions of PF are covered with scales and scabs that are snuff-coloured, oleaginous, and leaf-shaped. The prognosis of PF is better than that of PV ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Clinical features of pemphigus. A. skin lesions of pemphigus vulgaris; B. oral mucosa involvement of pemphigus vulgaris; C. skin lesions of pemphigus foliaceus.Fig. 1

The basic pathological feature in pemphigus is acantholysis. Acantholysis is the destruction of adhesions between cells of the spinous layer, leading to the formation of intraepidermal blisters. Acantholytic cells are found in the blister cavity, characterized by a round-shape, uniformly eosinophilic cytoplasm, large and deeply dyed nuclei surrounded by a light blue halo, and larger than the normal spinous layer cells. The site of acantholysis varies depending on the type of pemphigus. In PF, acantholysis occurs in the upper spinous layer or granular layer, while involvement of deeper layers is characteristic of PV.

Direct immunofluorescence of skin tissue reveals IgG and C3 deposition between the spinous cells, which is distributed in a grid. Fewer patients show IgM and IgA deposition. The immunoglobulin and complement deposition in PV is located below the spinous layer, while in PF, it is located above the spinous cell layer or even in the granular layer. It is difficult to distinguish between PF and PV by immunofluorescence. Indirect immunofluorescence shows that IgG type anti-Dsg autoantibodies exist in the serum of about 80% of pemphigus patients.

2.2. Pathogenesis {#sec2.2}
-----------------

### 2.2.1. Genetic factors {#sec2.2.1}

Pemphigus is a polygenic autoimmune disease. Although pemphigus is often sporadic, and there is rarely a case in which more than one patient with pemphigus in a family exists, circulating IgG autoantibodies have been detected more frequently in family members of patients with PV than in the healthy population \[[@bib5]\]. Autoimmune diseases such as rheumatoid arthritis (RA) and type 1 diabetes mellitus (T1DM) also have been found more frequently in relatives of patients with PV \[[@bib6]\]. This suggests that there exists a genetic predisposition of autoimmunity in general and supports the role of genetic factors in pemphigus. Many researchers have explored the inherited susceptibility to pemphigus. The distribution of related loci varies by region and population. There is evidence that the human leukocyte antigen (HLA) is related to the pathogenesis of pemphigus. *DQB1\*0503* and *DRB1\*0402* are HLA alleles that are reported most frequently in PV patients from France, Spain, Slovakia, Italy, Brazil and North America \[[@bib7]\].

The largest GWAS in pemphigus was performed by Zhang et al. on 365 PV patients, 104 PF patients and 1105 unaffected controls. They identified specific alleles for PV (*HLA-DRB1\*04:06* and *HLA-DRB1\*14:01*) and PF (*HLA-DQB1\*03:02*), whereas *HLA-DQB1\*05:03* was found to be a specific allele both for PV and PF \[[@bib8]\]. A meta-analysis performed by Yan et al. on the association between *HLA-DRB1* and PV suggests that *HLA-DRB1\*04, HLA- DRB1\*08* and *HLA-DRB1\*14* are related to a genetic predisposition to develop PV \[[@bib9]\]. A study involving 110 Iranian pemphigus patients demonstrated a correlation between Suppression of Tumorigenicity 18 (*ST18*) polymorphism and pemphigus \[[@bib10]\]. *ST18*, which regulates apoptosis and inflammation, has been shown to be associated with deletion of intracellular adhesion in pemphigus vulgaris \[[@bib11],[@bib12]\]. It has also been found that *ST18* polymorphism plays a significant role in Jewish and Egyptian patients with PV, while it is not linked to German or Chinese susceptibility to PV \[[@bib13],[@bib14]\]. A risk variant of the *ST18* gene may promote cytokine secretion mediated by PV autoantibodies and acantholysis in a p53/p63-dependent manner \[[@bib15]\]. Overexpression of *ST18* is able to heighten the susceptibility to deletion of keratinocytes adhesion, and enhanced extracellular signal-regulated kinase (ERK) signaling is a possible mechanism \[[@bib16]\]. A p.Arg435His variation in IgG3 has been reported to be associated with PV in cohorts including German, Turkish, Egyptian and Iranian patients \[[@bib17]\].

2.3. Environmental factors {#sec2.3}
--------------------------

Environmental factors are known to be critical for the pathogenesis of autoimmune bullous dermatosis. Drugs are the most common trigger for pemphigus. Mercaptan drugs, especially penicillamine \[[@bib18]\] and captopril \[[@bib19]\], can inhibit the activity of enzymes such as those that facilitate aggregation of keratinocytes (e.g. g-glutamyl transpeptidase or keratinocyte transglutaminase (a calcium-dependent thiol enzyme), and activate enzymes that disaggregate keratinocytes (e.g. proteases, plasminogen activator), leading to disruption of the adhesion ability of keratinocytes. Moreover, some mercaptan drugs may have an impact on the formation of autoantibodies. Phenol drugs may facilitate the releasing of proinflammatory cytokines, such as interleukin (IL)-1 and tumor necrosis factor (TNF)-α, by keratinocytes \[[@bib20]\]. The relevance of pemphigus and heroin addiction was first reported by Fellner et al., in 1978 \[[@bib20]\]. There are reports of vaccine associated pemphigus as well, with possible associations including influenza \[[@bib21]\], rabies \[[@bib22]\], hepatitis B \[[@bib23]\] and tetanus \[[@bib24]\].

Certain allergens may lead to autoimmune responses. Walnut antigens or allergens have been reported to initiate the development of autoantibodies in pemphigus vulgaris via a "hit-and-run" pattern, meaning that pathogenic antigens causing the onset of autoimmune conditions disappear once they have triggered the disease \[[@bib25]\]. Kridin et al. conducted a population-based large-scale study, which included 1985 pemphigus patients and 9874 controls, and found a significant association between schizophrenia and pemphigus \[[@bib26]\]. The molecular mechanisms of this observation have not yet been determined. Other triggering factors of pemphigus include viral infection (such as herpes simplex virus), nutrients and micronutrients factors, radiotherapy and pregnancy \[[@bib27]\].

### 2.3.1. Autoantigens and autoantibodies {#sec2.3.1}

IgG-type desmoglein (Dsg) antibodies, especially anti-Dsg3 and anti-Dsg1, are present in the serum and between the epidermal cells of pemphigus patients. Gene family members of Dsg are distributed on chromosome 18. Dsgs and desmocollins (Dscs) are cadherin-like transmembrane glycoprotein components of desmosomes, which are intracellular junctions that protect cells from the injury of mechanical forces. Intracellular proteins of desmosomes, such as plakophilin 1, plakoglobin and desmoplakin, connect Dscs and Dsgs to keratin intermediate filaments (KIF), which are components of the cytoskeleton.

Passive transfer of IgG-type Dsg antibodies extracted from the serum of pemphigus patients to neonatal mice to generate a passive model of pemphigus demonstrates the pathogenicity of circulating IgG from patients with pemphigus. The IgG 4 subclass has been shown to play a predominant role in PV and PF patients \[[@bib28],[@bib29]\]. Fc fragments may be non-essential for the occurrence and development of pemphigus on account of the evidence that F(ab')2 and Fab' fragment of IgG antibodies from Fogo selvage patients may trigger keratinocyte detachment and epidermal disease in neonatal mice \[[@bib30]\].

The distribution and expression levels of Dsg1 and Dsg3 in skin and mucosa are different. Dsg1 is distributed all over the epidermis, and is especially abundant in the surface layer \[[@bib31]\], while Dsg3 is mainly expressed in the basal and parabasal cell layers. Dsg1 and Dsg3 are both expressed throughout the epidermis of mucous membranes, but the Dsg3 is much more concentrated than Dsg1. The distribution pattern of Dsg1 and Dsg3 autoantibodies is related to the clinical characteristics of different subclasses of pemphigus. Only anti-Dsg1 antibody can be detected in PF patients, while only anti-Dsg3 antibodies are found in patients with mucosa-dominant pemphigus. Mucocutaneous pemphigus patients have both anti-Dsg1 and anti-Dsg3 autoantibodies.

The desmoglein compensation theory clarified the pathogenesis of blister location in the skin and mucosa of pemphigus patients corresponding to the distribution pattern of autoantigens ([Fig. 2](#fig2){ref-type="fig"}). Patients with autoantibodies against Dsg3 but without autoantibodies against Dsg1 usually do not suffer from skin lesions, which may result from a compensation effect of Dsg1. For the same reason, patients with pemphigus foliaceus, whose circulation contains only autoantibodies against Dsg1, present with blisters in superficial layers of the skin but not the mucous membranes.Fig. 2Desmoglein compensation in pemphigus. The distribution and expression levels of Dsg1 and Dsg3 vary in the skin and mucous membrane (Dsg1: green pattern; Dsg3: yellow pattern). Desmoglein compensation theory clarifies the association between the site of blisters and the distribution pattern of autoantigens. Patients with pemphigus foliaceus, whose circulation only contain anti-Dsg3 1 antibodies, suffer from superficial blisters in the skin but there is no mucous membrane involvement. It may be due to the compensation effect of Dsg3. Patients with anti-Dsg 3 antibodies but without anti-Dsg 1 antibody usually do not suffer from a skin lesion, presenting with mucosal-dominant PV instead, while mucocutaneous PV patients present with deep-layer blisters in both skin and mucosa. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

Autoantibodies have direct pathogenicity independent of complement activation in pemphigus, which differs from other autoimmune-mediated dermatoses such as epidermolysis bullosa and bullous pemphigoid. The IgG4 subclass has been shown to be the predominant isotype of antibodies in PV and PF \[[@bib29]\], which does not result in complement activation. Dsg3 knockout mice that have a normal complement system show similar lesions resulted from acantholysis with mucosal-dominant type pemphigus \[[@bib32]\]. Transfer of autoantibodies against Dsg3 and Dsg1 into newborn mice can induce a phenotype resembling PV \[[@bib33],[@bib34]\]. Autoantibody epitope mapping for murine models and pemphigus patients illustrated that pemphigus autoantibodies lead to the formation of a trans-adhesion interface between keratinocytes via binding to the extracellular domain of desmogleins \[[@bib35]\]. IgG autoantibodies extracted from sera of PV patients \[[@bib36],[@bib37]\] or human monoclonal PV antibodies \[[@bib38]\] can lead to internalization and degradation of unintegrated Dsg3, interfering with normal desmosome assembly. The resultant incomplete desmosomes leads to reduced intercellular adhesion. Sokol et al. performed ultrastructural examination of pemphigus tissue and found a widened space between keratinocytes layers without obvious acantholysis \[[@bib39]\].

Signaling events take place when pathogenic autoantibodies bind to desmogleins on the keratinocytes surface. IgG purified from sera of patients with PF resulted in cultured keratinocyte dissociation without blocking Dsg1 trans-interaction \[[@bib40]\]. The MAPK pathway involving P38 mitogen-activated protein kinase (p38MAPK) and the downstream molecule MAPK-activated protein kinase 2 (MK2) has been the most widely studied pathway in pemphigus \[[@bib41], [@bib42], [@bib43], [@bib44], [@bib45]\]. Keratinocytes lacking plakoglobin are much less sensitive to autoantibodies of pemphigus compared to normal cells, and c-myc may play a role in this process \[[@bib46],[@bib47]\]. Many other signaling pathways, such as epidermal growth factor receptor, RHO GTPases, caspases and mitochondria, have been implicated in acantholysis. All these factors and pathways may impact the condition and behavior of desmosome and its components, for instance, transfer and internalization. Anti-Dsg1 and Dsg3 autoantibodies may lead to acantholysis by modulating these pathways, which may also become important targets for developing new therapies for pemphigus. However, signaling events are not enough to induce specific histological manifestations of epithelial blisters of pemphigus, indicating the signaling pathways are not indispensable in blisters formation of patients with PV or PF.

### 2.3.2. B cells and T cells in pemphigus {#sec2.3.2}

The critical role of B cells in the production of autoantibodies in autoimmune diseases has been extensively studied, along with the role of T cells and T-B interactions, and the resulting release of proinflammatory cytokines. The role of B cell clones has also been investigated. No Dsg3-specific B cell clonal lineages were detected in pemphigus patients with long-term clinical and serological remission. After complete clinical remission, IgG^+^ Dsg3 specific B cell clones can exist persistently up to 8.5 years. The same B cell clones may exist for many years in recurrent pemphigus patients \[[@bib48],[@bib49]\]. The correlation between pathology and B cell clones suggests that therapeutic methods that deplete B cells may be effective for pemphigus. Many novel therapeutic methods targeting B cells have been utilized in the treatment of pemphigus, including anti-CD20 antibodies, desmoglein-specific B cell depleting therapy, anti-CD19 antibodies, and Bruton's tyrosine kinase inhibitors (BTKI), which targets B cell receptor signaling \[[@bib50]\]. By analyzing the Dsg3 specific B cells response in pemphigus patients treated with rituximab, Colliou et al. concluded that rituximab mediates long-term remission by impeding the maturation of B cells and delaying the appearance of memory B cells \[[@bib51],[@bib52]\].

Therapeutic methods aimed at depleting B cells may lead to deterioration of pemphigus, which may be due to the depletion of regulatory B cells at the same time. The number of regulatory B cells is increased in pemphigus patients compare with healthy controls, but with defective suppressive function on Th1 cells \[[@bib53]\]. The level of interleukin-10 producing B cells is decreased in pemphigus patients but not in BP patients \[[@bib54]\].

It has been shown that numerous B cells, T cells and plasma cells exist in skin lesions, and there is a larger number of Dsg1-and Dsg3-specific B cells in pemphigus patients compared with normal controls. These results suggest that there is a pathogenic role of locally infiltrating lymphocytes in pemphigus \[[@bib55]\].

Dsg3 specific CD4^+^ T cells can induce a phenotype of interface dermatitis and PV in a mouse model \[[@bib56]\]. HLA-II is implicated in the activation of autoreactive T cells in PV. *HLA-DRβ1\*0402* and/or *HLA-DQβ1\*0503* is closely related to the recognition of Dsg3 by Th1 and Th2 cells. Autoantibodies against DR and DQ may block the proliferation of autoreactive Th cells \[[@bib57]\].

Since autoreactive T cells that mainly produce IL-10 and IFN-γ have also been found in healthy individuals \[[@bib58]\], defective regulatory T (Treg) cells may facilitate the onset of pemphigus. A large amount of evidence has proven the pivotal role of Tregs in preventing autoimmune diseases. Langerhans cells present Dsg3 to T cells via the C-type lectin langerin. IL-2 signaling is critical in LC-mediated regulatory T cell expansion \[[@bib59]\]. In adoptive transfer mouse models of pemphigus, Yokoyama and colleagues demonstrated that Tregs control the production of anti-Dsg3 autoantibodies and Dsg3 has an impact on the development of Tregs \[[@bib60]\]. However, transfer of Dsg3-specific T cells or B cells into Dsg3^+/+^ Rag2^-/-^ mice did not induce the production of autoantibodies and a pemphigus phenotype, suggesting the interaction of autoreactive T cells and B cells in is required in the pathogenesis of pemphigus \[[@bib61]\].

The interaction between autoreactive T cells and B cells are the key events for humoral autoimmunity targeting Dsg3. In normal conditions, autoreactive B cells exist in circulation. The immune system can sense adverse or harmful events such as tissue injury and can shut off the development of antigen-specific B cells in a Fas-mediated manner with the existence of CD4^+^T cells. In pemphigus vulgaris, this protective mechanism is impaired which results in the expansion of B cells targeting autoantigens \[[@bib62]\].

2.4. Diagnosis and therapeutics {#sec2.4}
-------------------------------

### 2.4.1. Diagnosis {#sec2.4.1}

The diagnosis of pemphigus is primarily based on a comprehensive evaluation of clinical manifestations, histopathology and immunopathological features. The disease needs to be differentiated from bullous pemphigoid, linear IgA bullous skin disease and herpetic dermatitis. Pemphigus lesion is often limited to the oral cavity in the early stages of the disease, which renders it difficult to diagnose and distinguish from aphthous mouth ulcers and lichen planus. Cell smears and biopsy at the erosion site can assist in diagnosis.

### 2.4.2. Novel therapeutics based on pathogenesis {#sec2.4.2}

The main treatment of pemphigus are currently glucocorticoids and immunosuppressive agents. Glucocorticoids have significantly reduced the mortality of pemphigus \[[@bib63]\]. Glucocorticoids may enhance the synthesis of desmoglein in keratinocytes, which can make up for the internalization and depletion of desmoglein caused by autoantibodies \[[@bib64]\]. Immunosuppressants such as mycophenolate mofetil and azathioprine may decrease the production of autoantibodies \[[@bib65],[@bib66]\]. Treatments that can rapidly decrease levels of circulating autoantibodies, such as plasma exchange and immunosorption or intravenous immunoglobulin injection (IVIg) can be used depending on the patient's condition.

The main cause of death of pemphigus patients is related to side effects of glucocorticoids and immunosuppressive agents, rather than the disease. Thus, there has been a need to find more innovative effective and safe alternatives for treatment. The ability to develop monoclonal antibodies to target specific mediators of disease has revolutionized the management of many autoimmune diseases. Anti-CD20 antibodies, such as rituximab, can induce the depletion of autoantibodies-secreting B cells. Rituximab combined with short-term systemic corticosteroids is now considered a first-line treatment strategy \[[@bib67]\]. Other drugs under investigation which target CD20 for pemphigus include veltuzumab \[[@bib68], [@bib69], [@bib70]\] and ofatumumab \[[@bib71]\]. Ofatumumab, a second-generation anti-CD20 monoclonal antibody, has been proven to be a safe and effective therapeutic option for autoimmune conditions \[[@bib72]\]. A phase 3 clinical trial of ofatumumab in the treatment of pemphigus has been completed \[[@bib73]\].

Bruton tyrosine kinase (Btk), a critical molecule of the phospholipase Cγ(PCLγ) pathway, plays a key role in BCR signaling. A functional deficiency of Bkt can block the development of B cells at the stage of preB cells. Btk inhibitors (BTKI), such as ibrutinib \[[@bib74]\], PRN1008 \[[@bib75]\], and PRN473 \[[@bib76]\] can suppress B cell activity, survival, proliferation, differentiation and maturation.

Ellebrecht et al. reengineered the chimeric autoantibody receptor-T cells (CAAR-T) that can specifically kill anti-Dsg3 B cells via specific BCR in PV patients without off-target toxicity. CAAR-T is composed of the autoantigen in PV, Dsg3, and CD137-CD3ζ signaling domains \[[@bib77]\]. However, there are no long-term studies in preclinical models or human studies regarding the safety and efficacy of CAAR-T.

Other novel therapeutics based on the immune mechanisms for pemphigus include B cell activating factor (BAFF) inhibitors, p38 mitogen-activated protein kinase (p38MAPK) inhibitors, anti-CD154 monoclonal antibody, daclizumab (a monoclonal antibody against CD25), stem cells transplantation, anti-neonatal Fc receptor and polyclonal regulatory T cells ([Table 2](#tbl2){ref-type="table"}) \[[@bib76],[@bib78]\].Table 2Novel therapeutics for pemphigus.Table 2TherapeuticsTargetDevelopmentRituximabCD20First-line treatment combined with short-term systemic corticosteroidsVeltuzumabCD20Approved by FDA for the treatment of patients with pemphigus with orphan drug statusOfatumumabCD20A double-blind, randomized, placebo-controlled, phase 3 clinical trial was completed (**NCT01920477**)PRN1008BTKA randomized, double-blind, placebo-controlled, phase 3 clinical trial is ongoing (**NCT03762265**)CAAR-T cellsAnti-Dsg3 B cellsPreclinical modelsVAY736BAFF-RA randomized, placebo-controlled, double-blind, phase 2 clinical trial is ongoing (**NCT01930175**)SYNT001Neonatal Fc receptorA clinical trial is currently ongoing (**NCT03075904**)Argx-113Neonatal Fc receptorA clinical trial is currently ongoing (**NCT03334058**)PolyTregsA nonrandomized, open-label, phase 1 clinical trial is ongoing **(NCT03239470)**

3. Bullous pemphigoid {#sec3}
=====================

3.1. Clinical manifestations and histology {#sec3.1}
------------------------------------------

Bullous pemphigoid (BP) is an autoimmune skin disease characterized by subepidermal thick-walled tense bullae and is more frequently seen in the elderly population. The mean age of onset in the UK has been reported to be 80 years old. The incidence of BP depends on the population, ranging from 2.5 cases per year per million people reported from Romania \[[@bib79]\] to 42.8 cases per year per million people reported from the United Kingdom \[[@bib80]\].

The course of the disease usually begins with itching, which lasts from a few days to years, and nonspecific skin lesions in the extremities. Typical lesions are tense blisters developing on normal-appearing skin, or erythema mainly occurring on the chest, abdomen and proximal extremities. The blisters usually have a hemispherical shape with a diameter ranging from less than 1 cm to several centimeters. The blister wall is thick and not easy to break. After rupture, the erosive surface is often covered with scabs, and heals spontaneously. Physical examination shows a negative Nikosky's sign. Mucosal damage is absent in most patients with BP. A small percentage of patients suffer from superficial blisters and erosions in the mouth. BP often progresses slowly, and the prognosis is better than pemphigus.

The histopathology of BP is characterized by subepidermal blisters, which are single-atrial, with normal skin on the top. The net rack in the blisters consists of fibrin, neutrophils and eosinophils. Infiltrating eosinophils, lymphocytes and neutrophils exist around the dermal papilla. In late stages, subepidermal blisters may become intraepidermal blisters due to the regeneration of basal cells. Direct immunofluorescence performed on the skin shows linear deposition of IgG and complement component C3 in the basement membrane zone in more than 90% of patients. Rarely, IgM and IgA deposition may be observed. Indirect immunofluorescence of serum has shown that circulating IgG autoantibodies against the basement membrane exist in about 75% of BP patients, which is a helpful finding in diagnosing BP.

3.2. Pathogenesis {#sec3.2}
-----------------

### 3.2.1. Genetic factors {#sec3.2.1}

There has been significant research that supports a genetic predisposition to BP. Fang H et al. identified susceptibility alleles of major histocompatibility complex class II (MHC II) gene HLA in Chinese patients with BP, including *DQA1\*01:05, DQA1\*05:05, DQA1\*05:08, DQB1\*03:01, DQB1\*05:01* and *DRB1\*10:01*. They also found that *DQA1\*01:02, DQA1\*01:03, DQB1\*02: 02* and *DRB1\*07:01* may play a part in preventing BP. There is a significant increased frequency of *DRB1\*13, DQA1\*05* and *DQB1\*03* in BP patients compared with normal controls \[[@bib81]\].

Research has also shown that *HLA-DQB1\*0301* is related to BP and mucous membrane pemphigoid (MMP) \[[@bib82], [@bib83], [@bib84], [@bib85]\]. Dipeptidyl peptidase-4 (DPP-4) inhibitor, a class of drugs commonly used for the treatment of type 2 diabetes, is considered as to be an inducer of BP. *HLA-DQB1\*0301* is involved in noninflammatory DPP4 induced BP \[[@bib86],[@bib87]\].

The genetic susceptibility to BP is different among diverse ethnic groups. *HLA-DQB1\*0301* is the most common marker associated with BP in Chinese \[[@bib81]\], Germans \[[@bib88]\], Iranians \[[@bib89]\] and Americans \[[@bib90]\], while *HLA- DRB1\*1101, DQB1\*0302, DRB1\*04, DQA1\*0301, DQB1\*0302, DRB1\*1101, DQA1\*0505* and *DQB1\*0302* are more frequently detected in Japanese BP patients \[[@bib91]\].

Since differentially expressed cytokines may play a role in the pathogenesis of BP \[[@bib92], [@bib93], [@bib94]\], the genetic polymorphisms of cytokines may contribute to the susceptibility to BP. Tabatabaei-Panah et al. have shown that the minor allele of IL-8 SNP may protect people from BP in Iran \[[@bib95]\]. A study in the Chinese population showed that gene polymorphisms of IL-1β are related to BP in women \[[@bib96]\].

Polymorphisms in mitochondrial DNA (mtDNA), especially the mitochondrially encoded ATP synthase 8 gene (MT-ATP8), were significantly associated with BP in German patients \[[@bib97]\]. CYP2D6, also known as debrisoquine hydroxylase, is a cytochrome P450 isoenzyme. It is associated with a higher prevalence of BP \[[@bib98]\]. These studies suggest that gene polymorphisms apart from HLA may contribute to the genetic predisposition of BP.

### 3.2.2. Environmental factors {#sec3.2.2}

Drug-related BP can be divided into drug-induced BP and drug-triggered BP. Both of these may be initiated by systemic or topical drugs. Resolution occurs after removal of the drug in drug-induced BP but not in drug-triggered BP. The medication history is the most important piece of information required to differentiate drug-induced BP from BP. Age of onset is usually younger in drug-induced BP than BP. Over 50 agents have been reported as a cause of BP, including antibiotics (especially those containing or releasing sulfhydryl), ACE inhibitors, NSAIDs, diuretics (e.g. Captopril, frusemide and spironolactone), anti-diabetics, TNF inhibitors and vaccines \[[@bib99],[@bib100]\].

Drugs may act as antigenic haptens in the pathogenesis of autoimmune conditions. By combining with molecules in the lamina lucida or basement membrane, hidden epitopes can become exposed and initiate an autoimmune response \[[@bib101],[@bib102]\]. Molecular mimicry is another potential pathogenic mechanism for drug-related BP. Many drugs may bind to microRNA as well as other transcriptional and translational regulators, causing aberrant immunoregulation and the development of an autoimmune response \[[@bib100]\].

There is increasing evidence for the involvement of DPP4is in the pathogenesis of BP. Apart from DPP4is \[[@bib103], [@bib104], [@bib105], [@bib106], [@bib107], [@bib108], [@bib109], [@bib110], [@bib111]\], other oral diabetic medications have not been shown to be associated with BP \[[@bib112]\]. A study of 86 patients with BP and 134 healthy controls demonstrated that loop diuretics were implicated in pathogenesis of BP \[[@bib113]\]. Siegel et al. conducted a retrospective study of patients received anti-PD-1/PD-L1 therapy and found that about 1% of patients developed BP \[[@bib114]\].

Viral infection, such as H.pylori, Toxoplasma gondii, HBV, HCV, and CMV, have been demonstrated to be a trigger of BP \[[@bib115],[@bib116]\]. Viruses may elicit BP via molecular mimicry, in which similarities between viral peptides and self-peptides of skin and mucous membrane lead to an immune response against self-antigens \[[@bib117]\].

Physical factors, such as radiotherapy \[[@bib118], [@bib119], [@bib120], [@bib121]\], UV light \[[@bib122]\] and photodynamic therapy \[[@bib123]\], can also be related to the onset of localized or generalized BP. These factors may change the antigenicity of the basement membrane and stimulate the formation of autoantibodies. An indirect immunomodulatory effect of ionizing irradiation may disturb the balance between helper and regulatory T cells \[[@bib124]\]. Other events including surgical procedures, trauma, thermal burns, and insect bites have been identified as triggers of BP \[[@bib125]\].

The association between BP and neurologic diseases is widely recognized. Stroke, Parkinson's disease and dementia are the most common neurologic conditions implicated in BP, although the pathophysiology is still undefined \[[@bib126], [@bib127], [@bib128]\]. Elevated levels of anti-BP180 and anti-BP230 autoantibodies in the cerebrospinal fluid (CSF) of patients with BP and neurological disorders has been demonstrated \[[@bib129]\]. Homologues to BP180 and BP230 exist in the central nervous system and neurologic disease may be associated with the production of antibodies cross-reacting with BP antigens in the skin \[[@bib130]\].

### 3.2.3. Autoantigens and autoantibodies {#sec3.2.3}

Two autologous antigens are primarily implicated in the pathogenesis of BP. BP230, also known as BP antigen 1 (BPAG1), is a high molecular weight polypeptide (230kD). BP230 is located in hemidesmosome attachment plaques of basal cells. BP180, also referred to as BPAG2 or collagen XVII, is a transmembrane structural protein with a molecular weight of 180kD. The amino-terminal of BP180 is located in hemidesmosome attachment plaques of basal cells, while the carboxyl terminal is located in the lamina lucida outside of the basal cells. Pathogenic IgGs target the non-collagenous region (NC16A) of BP180, which is just distal to the cell membrane \[[@bib131],[@bib132]\]. There is a correlation between anti-BP180 NC16A IgG and disease scores of BP which are obtained using the Bullous Pemphigoid Disease Area Index (BPDAI) or the Autoimmune Bullous Skin Disorder Intensity Score (ABSIS). However the presence of anti-BP230 IgG did not show any correlation with such scores \[[@bib133]\]. There is a significant correlation between disease activity and the titers of anti-BP180 IgG detected by ELISA \[[@bib134],[@bib135]\]. These studies support the dominant role of anti-BP180 autoantibodies compared with anti-BP230 autoantibodies in the pathogenesis of BP. There are approximately 8% of BP cases where only anti-BP230 antibodies are found, and this is referred to as BP230-type BP \[[@bib136]\].

C3 deposition along the epidermal BMZ can be detected in about 83.1% of BP patients \[[@bib137]\], implying a critical role for complement activation in the formation of blisters in BP. The complement deposition is related to the NC16A titer measured by ELISA, which is associated with disease activity \[[@bib138]\].

IgG1 and IgG3 autoantibodies can bind to target autoantigens and activate the complement cascade. The formation of activated complement factors, C3a and C5a, induce the chemotaxis of neutrophils and eosinophils, as well as the degranulation of mast cells. Neutrophils at the basement membranes can release proteolytic enzymes, such as neutrophil elastase (NE) and matrix metalloproteinase (MMP)-9, leading to the degradation of the extracellular parts of BP180 and subsequently the deletion of cell-matrix adhesion. Eosinophils can migrate to the basement membranes and release lysosomal enzymes, causing rupture and disappearance of hemidesmosomes and the anchoring filaments of basal cell membranes.

Meanwhile, various mediators, including platelet activating factor (PAF), tumour necrosis factor (TNF-α) and leukotrienes (LTs) are released. Mast cells recruit neutrophils by releasing interleukin (IL)-8. In an experimental BP model, a protease released by mouse mast cells activated MMP-9 and degraded BP180. IL-23 and IL-17 released from mast cells, monocytes, neutrophils as well as lymphocytes lead to an increased release of NE and MMP-9 from neutrophils ([Fig. 3](#fig3){ref-type="fig"}) \[[@bib139]\]. Low-molecular-weight heparin tinzaparin sodium may be beneficial to BP patients with complement deposits because of their inhibitory effect on complement components \[[@bib140]\].Fig. 3Pathogenesis of bullous pemphigoid. The interaction between BP autoantibodies, including IgG and IgE, and their target antigens, BP180 and BP230, lead to pathogenic events in complement-dependent and complement-independent pathways. The release of proteases by neutrophils results in tissue damage, which is enhanced by IL-8 from mast cells. On the other hand, the degranulation of mast cells is implicated in the activation of eosinophils. The production of LTs, PAF and TNF-α is connected with pruritus and urticaria-like lesions. MMP-9: matrix metalloproteinase-9; NE: neutrophil elastase; IL-8: interleukin-8; LTs: leukotrienes; PAF: platelet activating factor; TNF-α: tumor necrosis factor.Fig. 3

Among the autoantibodies against basement membrane, the IgG4 subclass, which lacks the ability to fix complement \[[@bib141]\], plays a dominant role in BP \[[@bib142]\]. There are approximately 15%--20% of BP patients who do not show complement deposition in their skin biopsy \[[@bib137],[@bib143]\], suggesting that complement deposition is dispensable and that there may be complement-independent mechanisms involved in the pathogenesis of BP. F(ab') fragments of anti-Hcol17-IgG and anti-hCol17-IgG4, which lack the ability to activate complement, can induce blister formation in Col17-humanized neonatal mice \[[@bib144]\]. In summary, autoantibodies can induce the formation of blisters via direct interaction with their targets \[[@bib145]\].

### 3.2.4. IgE and eosinophils {#sec3.2.4}

Elevated total serum IgE levels have been detected in 47%--85% of BP patients \[[@bib146], [@bib147], [@bib148]\], and positively correlate with anti-BMZ antibody levels as well as disease activity \[[@bib149],[@bib150]\]. This suggest that not only is IgE important in the pathogenesis of BP, but eosinophils as well. Circulating eosinophils can be detected in about 50%--60% of patients with BP \[[@bib151],[@bib152]\]. A significant correlation exists between the level of circulating eosinophils and clinical manifestations, such as blisters and erosions \[[@bib153]\]. Eosinophils are indispensable for the IgE-mediated formation of blisters in BP mouse models \[[@bib154]\].

Zone et al. developed an IgE hybridoma of the LABD97 antigen, a component of the ectodomain of BP180. They transferred the IgE hybridoma into a severe combined immunodeficiency (SCID) mouse, which was engrafted with human skin. About 10 days after injection, the mice presented with erythema and intense scratching. At day 21, histological and immunopathological examination showed infiltration of numerous eosinophils and degranulation of mast cells, leading to blisters in the basement membrane \[[@bib155]\]. Another passive transfer mouse model was developed by Fairley and his colleagues, whereby injection of IgE isolated from BP sera led to erythematous and elevated plaques. Infiltration of neutrophils, eosinophils and mast cells were observed in the dermis by histologic and ultrastructural examination \[[@bib156]\]. These experimental murine models support the role played by IgE autoantibodies in BP.

Autoantibodies of the IgE isotype mainly target the NC16A domain of BP180 \[[@bib157], [@bib158], [@bib159]\]. Mast cells coated with IgE exist in perilesional skin of patients with BP. Stimulating the circulating basophils of untreated BP patients with recombinant NC16A leads to release of histamine \[[@bib160]\]. The interaction between IgE autoantibodies and the target antigens leads to complement activation, subsequent degranulation of mast cells, accumulation of neutrophils and eosinophils and the release of MMP-9 and NE ([Fig. 3](#fig3){ref-type="fig"}). IgE autoantibodies may react with eosinophils and mast cells in the dermis through FcεRI, the high-affinity receptor of IgE \[[@bib161]\], and interaction of FcεRI with the extracellular domain of BP180 may induce the activation and degranulation of eosinophils \[[@bib162]\].

3.3. Diagnosis and therapeutics {#sec3.3}
-------------------------------

### 3.3.1. Diagnosis {#sec3.3.1}

The diagnosis of BP is confirmed by a comprehensive assessment of the clinical presentation, typical histological characteristics (subepidermal blisters and inflammatory eosinophilic infiltration), and direct immunofluorescence (DIF) examination of the skin, as well as serological tests.

### 3.3.2. Novel therapeutics based on pathogenesis {#sec3.3.2}

Local or systemic application of glucocorticoids is the main treatment for BP. Immunosuppressive agents such as azathioprine can be added as needed. For mild to moderate conditions, tetracycline alone and nicotinamide combined with tetracycline or erythromycin can be alternative therapeutics.

Significant efforts have been devoted to developing novel therapeutics for BP. Omalizumab, a humanized monoclonal antibody of IgE, has been reported to be useful in a pruritic BP patient who was deemed unsuitable for higher doses of glucocorticoids and immunosuppressive agents \[[@bib163], [@bib164], [@bib165], [@bib166]\], and can be an alternative treatment for BP patients. Bertilimumab, a human monoclonal antibody of eotain-1, may decrease the infiltration of eosinophils in the skin of patients with BP. A phase 2 clinical trial (NCT02226146) of bertilimumab is currently ongoing. Rituximab has been recommended as an effective therapeutic option for severe BP patients. A significant reduction in anti-BP180 and anti-BP230 autoantibodies, disease activity and steroid dosage occurred in BP patients following rituximab therapy \[[@bib167]\]. Seventy five percent of BP patients achieved remission following a mean duration of 169 days of rituximab treatment in a retrospective study evaluating the efficacy of rituximab for patients with BP. This study also demonstrated that rituximab can be a relatively safe mode of therapy rituximab for patients with BP \[[@bib168]\].

IL-17A has been shown to be a pivotal cytokine in the pathophysiology of BP. An elevated serum level of IL-17 has been found in BP patients \[[@bib169], [@bib170], [@bib171]\]. A mouse model of BP showed a significant correlation between serum IL-17A levels and disease activity, and IL17A-deficient mouse treated with BP IgG did not demonstrate the phenotype of BP \[[@bib172]\]. Ixekizumab, a recombinant humanized monoclonal antibody against IL-17, is in phase 2 clinical trials (NCT03099538) for BP patients \[[@bib173]\]. AC-203, a topical ointment formulation which can modulate inflammasome and IL-1β pathways, is also in phase 2 clinical trials \[[@bib174]\] and the NRLP3 level positively correlates with disease activity.

The etiology and pathogenesis of autoimmune bullous dermatoses remain to be further explored. Great efforts have been devoted to treatments of patients with pemphigus and BP, and more effective and safer therapeutic methods are being developed for bullous dermatoses.
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